Nanocrystalline tin dioxide (SnO 2 ) thin films were prepared on glass substrate by pulse laser deposition for the first time. The thin films were characterized for their composition, morphology, and crystalline structure by x-ray diffraction, transmission electron microscopy, and high-resolution transmission electron microscopy. It was found that the thin films consisted only of the tetragonal phase SnO 2 with no structural change, and they were well crystallized during deposition. In most cases, SnO 2 particles were overlapped, predominantly grown on preferred (101) plane, and connected with two or three neighbors through necks. The average grain size of the as-prepared thin films was about 12 nm. These facts are of great importance for sensor characteristics, since smaller grains and preferred orientation properties provide higher gas sensitivity to the whole thin films. Our findings indicate that the n-type wide-band-gas semiconductor nanocrystalline thin films can be manipulated by using pulse laser deposition techniques, offering new opportunities to control material fabrication.
Research on tin dioxide (SnO 2 ) attracts a lot of interest because it has been widely used in many applications, such as transparent electrodes, far-infrared detectors, and high-efficiency solar cells. [1] [2] [3] [4] [5] More recently, much attention has been focused to their potential use as gas sensors. 6 Tin dioxide is an n-type wide-band-gas semiconductor material (E g ‫ס‬ 3.6 eV) where inherent oxygen vacancies act as an n-type dopant. 7, 8 Extensive studies have been conducted on this material in the form of thin film due to its useful electrical and optical properties. [9] [10] [11] SnO 2 thin films are used as sensors of various purposes, such as monitoring ecological conditions, toxic and explosive gases in the air, breath alcohol content (drunken driver test), and tobacco smoke in ventilation systems. The basis for these sensors is a reaction between the semiconductor and the ambient gas, producing a change in the conductivity of the semiconductor. 12 The most important form of naturally occurring SnO 2 is cassiterite, a SnO 2 phase with the tetragonal rutile structure. One of the important factors affecting the sensing properties of semiconductor gas sensors is the microstructure of the polycrystalline thin film. In general, the crystallite of semiconductor oxide has an electrondepleted surface layer (space-charge layer) to a depth of Debye length (L). If the diameter (D) of the crystallite decreases to about 2L, the whole crystallite is depleted of electrons; as a result, the sensitivity of the element to a reducing gas would change with D. In the case of SnO 2 , L for a thin sputtered film has been reported to be as short as 3 nm. Thus, the critical crystallite size of SnO 2 is expected to be about 6 nm. Such small crystallites of pure SnO 2 are only stable at temperatures below 400°C 13 and cannot be maintained during the processes of sensor fabrication, which include high-temperature thermotreatment to stabilize the physical properties of the sensitive layers. The addition of foreign elements, however, has proven to be an effective way to control D to such small sizes, even after treatment at 700°C.
14 Therefore, it is of great importance for the preparation method of the thin films. The preparation of SnO 2 thin films has been intended by many different procedures, either by using wet routes (e.g., sol-gel, spray pyrolysis, etc.), 15 chemical vapor deposition procedures, 16 or other methods working under vacuum sputtering conditions. 17 A general problem with many of these procedures is the formation of Sn +2 or even Sn 0 species that, if not well controlled, may lead to undesired microstructural properties of thin films.
In this paper, we report for the first time the preparation of SnO 2 thin films by the pulsed laser deposition (PLD) method and their microstructural characteristics. Here we show that the textural and structural analyses of the SnO 2 thin films were carried out to correlate thin film microstructural properties with the main parameters of this preparation method. A first attempt of SnO 2 thin films prepared by the PLD method was shown successfully in the present work. Analysis of the structures indicates that there were no crystallographic changes. These facts are of great importance for sensor characteristics, since smaller grains and better microstructural properties provide higher gas sensitivity to the whole thin film.
SnO 2 thin films were prepared by PLD. A sintered high-purity (99.8%) cassiterite SnO 2 disk was used as the target. The size of the target was about 15 × 4 mm, and the target was cleaned with methanol in an ultrasonic cleaner before installation to minimize contamination. The laser used was a KrF excimer laser (Lambda Physik, LEXtra 200, Göttingen, Germany) producing pulse energies of about 350 mJ at a wavelength of 248 nm and a frequency of 10 Hz. The duration of every excimer laser pulse was 34 ns. The laser energy was transmitted onto the target in a high-vacuum chamber through an ultravioletgrade fused silica window using an ultraviolet-grade fused silica lens. During the experiment, the target was rotating at a rate of 15 rpm to avoid drilling. The fluence was set at 5 J/cm 2 per pulse, corresponding to a total of approximately 150,000 laser pulses. The ablated substance was collected on a glass slide, which was mounted on a substrate holder 2.5 cm away from the target. The growth rate was estimated to be about 3 × 10 −1 nm/s (or 1 m/h) and the final as-deposited thin film thickness was about 4 m. The high vacuum in the deposition chamber was achieved by using a cryopump (Edwards Coolstar 800, Sussex, United Kingdom). The base pressure prior to laser ablation was about 1 × 10 −6 mbar, and the working pressure during laser ablation was about 2 × 10 −6 mbar. All deposition processes were carried out at ambient temperature.
X-ray diffraction (XRD) patterns were recorded at a scanning rate of 0.05°s −1 in the 2 ranges from 15°to 65°using a Philips X'pert diffractometer (Eindhoven, The Netherlands) with Cu K ␣ radiation (1.5406 Å), reflection geometry, and proportional counter. Transmission electron micrographs were obtained using a Philips CM20 transmission electron microscope at an acceleration voltage of 200 kV. High-resolution observations of the grain structure were performed using a JEOL-2010 (Tokyo, Japan) transmission electron microscope, with a point-to-point resolution 1.94 Å, operated at 200 kV. Figures 1(a) and 1(b) show XRD patterns of the cassiterite SnO 2 bulk and the as-prepared SnO 2 thin films, respectively. They can be indexed on the basis of the rutile unit cell. It can be seen from the diffraction patterns that there are peaks for tetragonal tin dioxide only. There were no structural changes recorded by XRD measurements in the SnO 2 thin films prepared using PLD. For the as-prepared SnO 2 thin film [ Fig. 1(b) ], by using Scherrer's formula, we estimated that the average grain size was about 12 nm. Moreover, it can be seen also that the intensities of the XRD peaks of the as-prepared SnO 2 thin film weakened. This indicates that the SnO 2 average grain dimension was smaller than that of the bulk ablation target.
The granular state of SnO 2 was investigated by transmission electron microscopy (TEM). Figure 2 shows a TEM bright-field image and selected-area electron diffraction (SAED) patterns (inset) of the as-prepared SnO 2 thin films. The particle sizes observed in the micrographs are larger than those estimated from XRD data, indicating an appreciable agglomeration of the particles with each other. As seen from the bright-field image, there were many small particles of roughly spherical shape. The different regions of TEM image contrast of the particles indicate different density, which may be related to the different degree of the grain sizes. The polycrystalline diffraction rings of SAED patterns (inset in Fig. 2 The crystallites close to Bragg orientations were recognizable by their dark contrast. The interplanar spacings were all assignable to the rutile structure, which agrees well with the XRD data. However, the nonuniformity in size as well as shape is evident. Further high-resolution transmission electron microscopy (HRTEM) investigations in detail are also shown as follows.
HRTEM investigation of the SnO 2 thin films, which can be used as elements of conductance sensors, can give useful information about local composition at dislocation cores. SnO 2 with the rutile structure is tetragonal (a ‫ס‬ 4.737 Å; c ‫ס‬ 3.185 Å) with Sn atoms at (0,0,0) and ( 1 ⁄2a, 1 ⁄2a, 1 ⁄2c) and oxygen atoms at ±(ua, ua, 0) and ( 1 ⁄2a, 1 ⁄2a, 1 ⁄2c) ±(ua, ua, 0), where u ‫ס‬ 0.307. From the point of view of crystallography, the tetragonal lattice has quadruplicate symmetry. Oxygen atoms (anions) form octahedra and half of the octahedral interstices are filled by Sn atoms. 18 Possible Burgers vectors of the dislocations in SnO 2 are [001], 〈100〉, and 〈101〉. However, only preferred (101) plane orientation was observed in our SnO 2 thin films. Figure 3 shows a HRTEM image corresponding to the thin film prepared by PLD method. It can be seen that the SnO 2 particles are well crystallized but often coagulate with each other rather heavily. The grain interiors appear to be free from defects. It is known that the formation of dislocations in SnO 2 thin films is related to the PLD conditions and the local composition of the O-deficient amorphous SnO 2−x films. As can clearly be seen in Fig. 3 , most of the crystals in the thin film are overlapped and grown with preferred (101) plane orientation. Since the phenomenon of gas sensitivity is related to electron transport, the geometry and nature of the contact areas between SnO 2 particles is especially important. Our HRTEM observations showed that each crystallite was mainly connected with two or three neighbors through necks; however, grain boundary contacts cannot be ignored. In the case of grain boundary contacts, conduction electrons move across a potential barrier at each grain boundary. In the case of neck, conduction electrons move through a channel formed inside each neck. In these two models, the neck model is far more sensitive to crystallite size. Thus, this model probably applies to our thin films.
In summary, we have successfully prepared SnO 2 thin films by the PLD method in vacuum with a pressure of about 2 × 10 −6 mbar for the first time. The average grain size of as-prepared thin films was smaller than that of the bulk SnO 2 ablation target. Analysis of the structures shows that the thin films were the typical tetrahedral phase SnO 2 crystals. The SnO 2 particles were well crystallized, and no structural change was observed. In most cases, the particles were overlapped, predominantly grown with preferred (101) plane orientation, and connected with two or three neighbors through necks. These facts are of great importance for sensor characteristics, since smaller grains and preferred orientation properties provide higher gas sensitivity to the whole thin film. Our findings indicate that the n-type wide-band-gas semiconductor nanocrystalline thin films can be manipulated by using pulse laser deposition techniques, offering new opportunities to control material fabrication.
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